Abstract -Signal
INTRODUCTION AND MOTIVATION
The development of exciting undergraduate laboratories that can offer students firsthand experience on heavy theoretical concepts can be a challenge. Teaching a first course on signal processing can be such a case. First thing that can be discussed is what type of examples can be categorized as exciting to most students. An audio example must be of interest to a good number of students but if the adage is true an " a picture is worth a thousand words," then an image processing example may be a better one to approach. Because the example is intended to be part of a 3 hour signal processing laboratory for a first course on Signal Processing, the challenge is to design an example that would require only a few lines of code, teach some of the basics of the Fourier Transform (FT) and analyze the signal in 1D so that to avoid the discussion of the 2D FT. This paper then presents in Section 2 the example, Section 3 covers the solution and the different FT concepts targeted in this part of the laboratory and finally conclusions can be found in Section 4.
DESCRIPTION AND GENERATION OF THE IMAGE EXAMPLE

Description of the Problem
The problem as presented in the laboratory hand out is described next:
A camera has a series of lenses that produce images with two ghosts one to the left and another one to the right 50 pixels apart with an attenuation factor of 0.25. You can see this by loading the image data already given in Matlab format and using the command imagesc(A) followed by colormap gray and axis image to see it. Let g(x,y) define this bad image and f(x,y) be the good image you are looking for -no ghosts. Because, as it can be seen in Figure 1 , we are only concern about the errors being introduced in the x direction, do the following: Task1:
Write g(x) in terms of f(x) to model these errors, that is, write the mathematical model for each row of the image.
Task 2:
Take the Fourier transform on both sides so that you can end up with an expression in frequency of the form
G(w)=H(w)F(w).
Task 3:
Sample the expression you found for H(w) from 0 to 2π so that you can create a vector of similar length as the length of your FTs.
Task 4:
In Matlab compute G(w)./H(w) and use the inverse Fourier command ifft to see if you can eliminate the ghosts.
Generation of the Image
The software to be used in this work is based on Matlab. This section then describes how from a good image, as the one shown in Figure 1 , one can generate the distortion mentioned in Section 2. It is assumed that the image file is a jpeg image and is a color image as can be seen in the first command in the first lines of the following code: Having run the code in this section to the image presented in Figure 1 , now show the distortion to be deal with during the laboratory, please refer to Figure 2 to see the distortion.
SOLUTION OF THE LABORATORY
The tasks presented in section 2.1 will be solved here.
Solution of Task 1, Mathematical Model of the Degradation
Assuming that g(x) is a row from Figure 2 and that its corresponding non distorted row f(x) can be seen in Figure 1 , then g(x) in terms of f(x) can be modeled as:
where α is the attenuation discussed in the description of the problem and T is the number of pixels that the attenuated ghosts are positioned to the sides of the original image. 
Solution of Task 2, Fourier analysis of equation (1)
As the FT of (1) is needed, the Fourier property to be used here is that of time shifting defined as [1] :
Then applying the FT of both sides of (1) yields:
Equation (3) can be further simplified as:
where G(w) = H(w)F(w) and thus H(w) is the term in brackets in (4):
Solution of Task 3, sampling of equation H(w)
This is the beginning of the discrete part of the FT analysis. Thus, the following program is the starting point for the solution that students need to implement in Matlab. It will be assumed that students have loaded the image as shown in Figure 2 and it is loaded in Matlab as matrix A. 
Solution of Task 4, Compute G(w)/H(w) and use the Inverse FT
Because images can be very big, encourage 2D implementation even though the solution is in 1D. Thus the following is the implementation of H(w) as a matrix consisting on 1D filters. This part of the laboratory can be used to emphasize some Matlab characteristics such as avoiding for loops, notice how the below code starts with one simple loop that does not involves the FT in each iteration and it is just used to form the inverse filter. Students can compare this result with the implementation of the solution in 1D completely. The results are shown in Figure 3 . Part (a) shows the difference between the original image and the image enhanced by using the code proposed in Section 3.4 just for illustration purposes. Students are not given the original image and cannot generate this image. 
FURTHER DISCUSSION
Notice how the solution was implemented by an inverse filter so that a nice image can be simply estimated by:
Usually inverse filtering is strongly discouraged and students can be given further examples so that to emphasize that albeit theoretically accurate, implementation of inverse filtering as defined in (6) should be reconsider. Let generate the same example as computed in Section 2.2 for three different values of α and enhanced the images with direct inverse filtering designed for these three different values. Figure 4 shows three different cases besides the case for α = 0.25 shown already in Figure 2 Students can be encouraged to realize that from all these examples one can conclude that good results can be obtained for values of T where equation (6) does not have values very close to zero since these inversions are the ones that caused trouble. Even for blind deconvolution techniques such as the one proposed in [2] , the inverse of H(w) is subject to exist and be absolutely summable, that
At this particular point one can offer students a very powerful tool to enhance the cases presented in Figure 4 (b) and (c). Without a complete theoretical derivation of Wiener filtering as for example presented in [3] , one can encourage to estimate the enhanced images following:
and explain that k is a parameter to be found. Comments can be made that in case that inverse filtering does indeed yield excellent results such as the ones shown in Figure  3 
CONCLUSIONS
A simple example that can be part of a laboratory in an undergraduate Signal Processing course was presented. Continuous and discrete Fourier transforms concepts are evaluated and image enhancement is accomplished in which students can see the great results that can be obtained by processing an image in the frequency domain. One can even challenge them to create similar results using Photoshop. Additionally, deconvolution via Wiener filtering is presented to the students and this can offer them a tool that can be very useful in subsequent projects.
